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Electron dynamics and energization are one of the key components of magnetic field dissipation in collisionless
reconnection. In 2D numerical simulations of magnetic reconnection, the main mechanism that limits the
current density and provides an effective dissipation is most probably the electron pressure tensor term,
that has been shown to break the frozen-in condition at the x-point. In addition, the electron-meandering-
orbit scale controls the width of the electron dissipation region, where the electron temperature has been
observed to increase both in recent Magnetospheric Multiple-Scale (MMS) observations as well as in laboratory
experiments, such as the Magnetic Reconnection Experiment (MRX). By means of two-dimensional full-
particle simulations in an open system, we investigate how the energy conversion and particle energization
depend on the guide field intensity. We study the energy transfer from magnetic field to the plasma in the
vicinity of the x-point and close downstream regions, E·J and the threshold guide field separating two regimes
where either the parallel component, E||J||, or the perpendicular component, E⊥ · J⊥, dominate the energy
transfer, confirming recent MRX results and also consistent with MMS observations. We calculate the energy
partition between fields, kinetic, and thermal energy of different species, from electron to ion scales, showing
there is no significant variation for different guide field configurations. Finally we study possible mechanisms
for electron perpendicular heating by examining electron distribution functions and self-consistently evolved
particle orbits in high guide field configurations.
PACS numbers: Valid PACS appear here
Keywords: Suggested keywords
I. INTRODUCTION
Magnetic reconnection is thought to play a key role in
explosive phenomena in space and laboratory plasmas,
such as solar flares, substorms in the Earth’s magneto-
sphere, and disruptions in laboratory fusion experiments.
In all these events, energy stored in the magnetic field
is released on fast time-scales principally into thermal
and non-thermal energies of the ambient particles. A ki-
netic study of reconnection dynamics is required in most
high-temperature natural and laboratory plasmas, since
in such collisionless systems dissipation occurs at par-
ticle gyration scales. The nonlinear evolution of a cur-
rent sheet may involve single or multiple x-points (in the
case of multiple plasmoid formation)1–4, in which case
the island dynamics affects particle acceleration. After
an initial energization at the reconnection x-point, parti-
cles enter cavities, interact with islands and are reflected
and scattered by adiabatic mechanisms, like Fermi accel-
eration, as well as non adiabatic processes. Nonetheless
a)Electronic mail: fpucci@nifs.ac.jp, fpucci@princeton.edu
the initial acceleration occurs at the x-point serving as an
injection mechanism, so it is fundamental to investigate
how energization occurs in this region and in the nearby
outflow region. A detailed study of the energy transfer
from field to particles in antiparallel reconnection was
carried out by Yamada et al. 5,6 with the Magnetic Re-
connection Experiment (MRX), showing that the energy
deposition rate on electrons, calculated as Je · E where
Je is the electron current, occurs in a region surround-
ing the x-point wider than predicted by 2D numerical
simulations, so that a notable rise of electron tempera-
ture (up to 50%) is measured over an area that is much
wider than the electron diffusion region. Recently mag-
netospheric observations from the Magnetospheric Multi-
Scale mission (MMS) have identified guide field reconnec-
tion events, where the symmetric quadrupolar structure
of the magnetic field is altered, and the associated re-
connection electric field and temperature is measured.
Eriksson et al. 7 reported MMS observations of a large
guide field magnetic reconnection event where the guide
field amplitude being approximately 4 times the recon-
necting field. One of MMS satellites (MMS3) detected a
significant parallel electric field throughout the electron
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2diffusion region (EDR) with significant parallel heating.
Wilder et al. 8 also observed a peak in the electron tem-
perature during the crossing of the EDR by an MMS
satellites with guide field Bz ∼ B0, i.e. comparable to the
reconnecting component. Genestreti et al. 9 compared
guide field reconnection configurations to determine how
the rate of work done by the electric field varies with
shear angle. Particle heating was shown to be sensitive to
guide field variation in laboratory plasmas. Ono et al. 10
in their merging spheromak experiment, observed that
electrons are heated inside the current sheet, as evidenced
by the measured electron temperatures and plasma flow.
They also noted that the extent of ion heating depends
on the guide field magnitude. Usami et al. 11 by means of
particle simulations, found that the ion temperature rises
mainly in the downstream, where ring-like structures of
ion velocity distributions are formed. The ion tempera-
ture profiles in the high guide field PIC simulations are in
a qualitative agreement with the TS-3 experiment Ono
et al. 10 . Tanabe et al. 12 found that an increment in the
toroidal guide field results in a more peaked electron tem-
perature profile at the x-point (a similar trend is found in
the MRX experiment13), while the ion temperature pro-
file forms double peaks in the outflow region, where the
peaks seem unaffected from guide field changes. Drake
and Swisdak 14 simulated a strong guide field case, find-
ing out that the dominant heating of thermal heavy ions
during guide field reconnection results from pickup be-
havior of heavy ions during their entry into reconnection
exhausts and dominantly produces heating perpendicu-
lar rather than parallel to the local magnetic field and in
general parallel heating in the guide field case is strongly
reduced with respect to the anti parallel case. In addi-
tion, recent measurements from the MRX experiment,
in agreement with MMS observations, show that higher
guide fields lead to a higher contribution of parallel en-
ergy transfer E||J||, with respect to perpendicular energy
transfer E⊥ · J⊥, to the total energy transfer E · J (Fox
et al. 15).
Numerical studies of guide field reconnection have been
carried out in 2D as well as in 3D (e.g.Lapenta et al. 16),
also in asymmetric configurations Pritchett and Mozer 17 .
A significant range of guide field variations Bz/B0 ∼ 0−4
is needed for comparison with recent MMS observations.
In Sect. II of this paper we describe the simulation setup,
followed by the descriptions of the results on how the
energy transfer from magnetic field to particles, in the
vicinity of the x-point, changes for different values of the
guide field in Sect. III. We compare the results with the
MRX measurements and also MMS observations for an-
tiparallel and guide field configurations. In Sect. IV,
we discuss different energization regions and energy re-
distribution between ions, electrons and electromagnetic
field. In Sect. V, we discuss energization mechanisms for
electrons and provide a statistical study of self consis-
tently evolved particles to analyze electron temperature
for different guide field configurations.
II. SIMULATION SETUP.
We carry out two dimensional particle-in-cell simula-
tions of driven magnetic reconnection using the PASMO
code1,18–20. The system is subject to an external driving
flow, obtained by imposing an electric field at the two
upstream boundaries (y = ±yb), perpendicular to the
magnetic field, which pushes particles into the simulation
domain via the E×B drift. The driving electric field is
described in Pei, Horiuchi, and Sato 1 , see in particular
Fig. 1 of the latter paper. In the outflow direction (x-
axes) we employ open boundary conditions (BCS) so that
we can achieve a steady state by avoiding that the recon-
nection jets might propagate across the boundaries and
back into the simulation domain, affecting the dynamics,
as naturally occurs with periodic BCS. The initial condi-
tion consists of an equilibrium that depends only on the
y-coordinate with an antiparallel magnetic field along the
x-axis and a uniform guide field along the z-axis:
B = B0 tanh(y/a) ex +B0z ez (1)
P = B20/(8pi) sech
2(y/a) + P0; (2)
here, P is the pressure, due to a part P0 coming from
background particles of density 0.35n0, with n0 the par-
ticle density at the neutral sheet, B0z is a constant
guide field, while a defines the scale of the gradient of
magnetic field. The isotropic plasma pressure balances
the upstream magnetic pressure. We normalize time to
1/ωce, velocities to the speed of light c, the length-scales
to c/ωce, magnetic and electric fields to the asymptotic
value of the reconnecting field, B0. The initial parti-
cle distribution is a shifted Maxwellian with a spatially
constant temperature (Te = Ti) and an average particle
velocity equal to the diamagnetic drift velocity. Quanti-
ties are assumed to be uniform in the direction perpen-
dicular to the plane of the equilibrium magnetic field,
i.e. ∂/∂z = 0. We have carried out a series of runs
under various guide-field conditions to quantify the en-
ergy deposition regions and mechanism, with a mass ra-
tio of mi/me = 100 and Ti/Te = 1. The domain size
is [11.73 × 2.93] c/ωce and the ratio ωpe/ωce = 9. In
Tab. I, we summarize the main parameters. In Fig.1
we plot the reconnection electric field component at the
x-point (orthogonal to the plane where magnetic recon-
nection occurs) as a function of time, for different value
of the guide field (simulations G0 − G3). In an initial
transient phase (t < 300) the electric field reaches a (neg-
ative) minimum value whose absolute value increases as
the guide field increases. This is due to magnetic flux
accumulation in the x-point region, resulting in an initial
enhancement of the reconnection rate. After the initial
transient phase (t > 300) the system reaches a station-
ary state. Horiuchi and Sato 18 found that under the
influence of an external driving flow, the electron current
layer thickness decreases with the guide field, and the
reconnection rate is determined by the driving electric
field. Indeed, in the stationary state the reconnection
3Name Nx Ny Particles mi/me ωpe/ωce E0z B0z a
G0 768 385 14336× 103 100 9 0.04 0 0.355
G02 768 385 14336× 103 100 9 0.04 0.2 0.355
G05 768 385 14336× 103 100 9 0.04 0.5 0.355
G08 768 385 14336× 103 100 9 0.04 0.8 0.355
G1 768 385 14336× 103 100 9 0.04 1 0.355
G2 768 385 14336× 103 100 9 0.04 2 0.355
G3 768 385 14336× 103 100 9 0.04 3 0.355
TABLE I. Simulation parameters. Nx and Ny are the grid
sizes on the x and y axes respectively, the number of active
particles for each species, mass ratio mi/me, ratio between
the electron plasma frequency and cyclotron frequency, asymp-
totic value of the driving electric field, guide field and initial
thickness of the current sheet.
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FIG. 1. Reconnection electric field (orthogonal to the recon-
nection plane) at the x-point as a function of time, for different
guide field values, runs G0−G3.
electric field levels out asymptotically to Ez = −0.04. In
Fig.2 we show the 2D profile of the electron number den-
sity and the Hall quadrupolar magnetic field structure
(in the z-direction orthogonal to the reconnection plane)
over the full simulation domain, for the case of guide field
B0z = 3. The separatrices present a strong asymmetric
structure of high and low densities. Similar structure
has been observed in MRX by Fox et al. 13 . We also note
that the symmetric quadrupolar structure is altered by
the presence of the out-of-plane guide field18,21. Super-
imposed over the electron number density in Fig. 2 two
typical electron orbits are shown that will be discussed
in Sec. V.
III. ENERGY CONVERSION FROM FIELDS TO
PARTICLES.
In this section we will discuss the energy transfer
from the fields to plasma at the different guide fields,
first using a single fluid approach, calculating E · J and
related quantities. We then quantify the transfer of
electromagnetic energy to the plasma in the two fluid
framework, the latter being the proper general approach
in a kinetic study, as we are particularly interested in
electron energization.
FIG. 2. 2D profiles for B0z = 3 of: (top) electron number
density with two typical electron orbits superimposed (bot-
tom) out of the plane component of the magnetic field Bz.
The classical quadrupolar structure is altered by the presence
of a strong guide field.
A. The energy deposition in the laboratory frame E · J.
Fig. 3 (left column) shows the energy deposition on the
plasma, E·J. A positive value indicates that magnetic en-
ergy is converted into particle energy, while for negative
values energy goes to the fields22. The energy transfer
from the fields to the plasma at the x-point is enhanced
as the guide field increases. Recent measurements from
the MRX experiment, in agreement with MMS observa-
tions, show that higher guide fields lead to a higher con-
tribution of parallel energy transfer E||J||, with respect
to perpendicular energy transfer E⊥ ·J⊥, to the total en-
ergy transfer E ·J (Fox et al. 15). Parallel energy transfer
becomes dominant in the MRX experiment already at
Bz = 0.8, suggesting a transition from perpendicular to
parallel dominated energy transfer between Bz = 0 and
Bz = 0.8. Simulations G0−G3 show a qualitative agree-
ment with this result, as can be seen from the first two
columns of Fig. 3. In the latter we show a zoom of the
reconnection region [Lx × Ly] = [4 × 3]c/ωce centered
at the reconnection region, to better compare with Fox
et al. 15 data from MRX. In first column we show the
total energy transfer E ·J while in the second column we
show the parallel contribution E|| · J||. Integrating E · J
and the parallel and perpendicular contribution around
the x-point, within the electron diffusion region, for sim-
ulations G0−G3 in Fig. 4, we can see that the threshold
is confirmed to be at B0z < 1 Pucci et al.
23 , Li et al. 24 .
A more detailed analysis with guide field configurations
0 < B0z < 1 indicate the threshold value is around guide
field B0z = 0.6. The transition between the zero guide
field configuration and B0z = 0.2 appears to be sharp.
Further investigation of the threshold value are strongly
subject to the integration area, as we can see from Fig.
5. Indeed while in Li et al. 24 the integration is over a box
[Lx × Ly] = [200× 40]di, here we discuss the integration
4FIG. 3. 2D profiles for simulations G0 − G3 (increasing guide field from top to bottom) of: (a-d) the energy transfer E · J,
(e-h) E||J||, (i-n) De dissipation in the electron reference frame.
close to the x-point region, on box with linear size L rang-
ing from the electron skin depth to about three ion iner-
tial lengths. In Fig. 5 we normalized the length-scales to
the ion skin depth di so that L/di = 0.2 means L = 2 de.
We find that for moderate guide fields B0z = 1, 2 the
fraction of energy converted by parallel or perpendicu-
lar fields depends on the volume of the region near the
x-point analyzed. For small volumes (L < di) it is dom-
inated by parallel energy transfer, while on larger scales
the perpendicular energy transfer is dominant. For the
zero guide field case we confirm that the energy transfer
is perpendicularly dominated independently of the inte-
gration area, while for B0z = 3 the parallel energy trans-
fer is dominant. In addition the current distribution is
found to be strongly dependent on the mass ratio. In
order to reproduce the actual structure of the dissipation
region, real mass ratio simulations should be performed
and compared to the results we present here. Le et al. 25
provided an important parametric study for guide fields
in the range B0z = 0−0.8 and by varying the mass ratios
they showed that x-point structure and jets vary signifi-
cantly with the mass ratio. Nonetheless we confirm the
presence of significative values of E||J|| at the x-point is
a characteristic of guide field reconnection. The latter
result, seen in Fig. 5, suggests that in observations such
FIG. 4. Magnetic energy transfer to the plasma E · J (in
logarithmic scale) for different values of the guide field, sim-
ulations G0 − G3 (horizontal axis), compared with parallel
E||J|| and perpendicular contribution E⊥J⊥, normalized to
E · J.
as those described by Phan et al. 26 it is areas close to
the reconnection region that have been probed, giving an
idea of the location of the x-point in observation data.
5FIG. 5. Magnetic energy transfer to the plasma (logarithmic
scale), E ·J for different values of the guide field (correspond-
ing to simulations G0−G3 as indicated in the panels), com-
pared with parallel E||J|| (blue solid line) and perpendicular
contribution E⊥ · J⊥ (orange solid line), integrated over dif-
ferent areas centered on the x-point. For L < 2di, the areas
over which we integrate are squares [L×L]. The linear size L
of each square, normalized to the ion skin depth, is indicated
on the horizontal axis. For L > 2di, the areas are rectangles
[L× h], with fixed height h = 2di, varying L as indicated on
the x axis.
B. Bulk energy and internal energy: the electron
dissipation measure.
While E ·J gives the energy transfer from the fields to
the plasma, i.e. it is related to either bulk flow or thermal
energy variations, if we consider only the internal energy
evolution u = 3/2P (assuming for sake of simplicity a
scalar pressure)
∂tu = −∇ · [(u+ P )v] + v · ∇P +E′ · J (3)
where v = vi − J me
ne(mi +me)
is the fluid velocity and
E′ = E+v×B is the electric field calculated in the fluid
rest frame. Using the definition for the fluid velocity we
get
E′ · J = E · J+ (vi ×B) · J. (4)
In a two fluid model (electrons and ions), the energy
transfer calculated in the electron frame (a similar calcu-
lation can be provided for the ion frame) may be written
as Zenitani et al. 27
De = γe [J · (E+ ve ×B)− ρc(ve ·E)] , (5)
where in our case γe = [1−(ve/c)2]−1/2 ' 1 is the Lorentz
factor and ρc = ni − ne is the charge separation. We see
that, where charge neutrality holds, i.e. where ρc is neg-
ligible, E′ · J = De. So under this condition De is a good
indicator for changes in the internal energy of the plasma.
Charge neutrality is approximately valid throughout the
simulation domain with the possible exception of the high
density separatrix region in the high guide field case28.
We verified that the difference between E′ · J and De re-
sulted to be negligible. Fig. 3 (right column) shows the
parameter De in simulations G0−G3. As the guide field
increases and in particular for the case of strong guide
field B0z = 3 the value at the x-point is twice as the
case of zero guide field configuration. We can see that
positive De is localized at the x-point, while it assumes
negative values in the outflow region immediately close
to the x-point in the zero guide field case (as remarked
by Zenitani et al. 27).
C. High guide field configuration: electron acceleration
and generation of an electrostatic field.
The result in III B can be explained in terms of the
electrostatic field which forms locally due to charge sep-
aration. In zero guide field configurations Cheng et al. 29
observed that an electrostatic field forms close to the re-
connection region. They noticed that because the ion
gyro-radii are comparable to or larger than the spatial
localization width of the electrostatic field Ees, ions can
be accelerated or decelerated by Ees, depending on the
gyrating ion velocity direction with respect to the elec-
tric field itself. The particle acceleration process is not
necessarily irreversible so that charge separation can also
transfer energy from the plasma to the fields by gener-
ating the electrostatic field. This also occurs at the high
density separatrices of B0z = 3, which present strongly
negative values of De, see Fig. 3. Indeed if we follow a
typical electron orbit, as shown in Fig. 2 we see the elec-
trons move from the low density separatrix towards the
x-point, where they are strongly accelerated by the par-
allel reconnection electric field, then they enter the high
density separatrix. In Fig. 6 we show a zoom of the left
high density separatrix region for the B0z = 3 case; color
coded is the electron density, superimposed are the elec-
tron fluid velocity (purple arrows) and the magnetic field
lines (black solid). The boxes indicate regions where we
calculated the distribution functions. The phase space is
6FIG. 6. Simulation G3: vector plot of the electron fluid veloc-
ity components vex and vey, color coded the electron density
ne, averaged between ∼ 6 electron gyration orbits. Superim-
posed black lines represent magnetic field lines, while box in-
dicate the region where distribution functions are calculated,
see Fig.7-8.
projected in the reference frame defined by the vectors
v|| = v ·B/|B|, v1⊥ = v · e1 and v2⊥ = v · (e1 ×B/|B|),
where e1 = BP × zˆ/|BP |, zˆ identifies the direction out
of the reconnection plane and BP = (Bx, By, 0) is the
magnetic field within the plane29. The distribution func-
tions in Fig.7 and Fig.8 are labelled with capital letters,
accordingly to the positions where they are calculated
in Fig.6. Electron motion results in beamed distribution
functions, with high parallel (to the local magnetic field)
velocities, as shown in Fig. 7. The distribution func-
tion in the plane perpendicular to the magnetic field in
Fig.8 are isotropic and show a moderate heating in the
outflow regions (A-E) with respect to the inflow region
(F). Following the electron orbits, moving away from the
x-point (from area A to D), we notice in Fig.7 the num-
ber of electrons populating the beam component (color
coded in red) through the parallel acceleration decreases:
indeed the electric field decelerates the electrons and ac-
celerate ions in order to restore the charge neutrality.
To prove our hypothesis we calculated the work done
by the parallel electrostatic field on the electron fluid
We = −
∫
ne|e|E · ve where e is the electron charge, and
the integral is calculated around the high density sepa-
ratrix region. We found We to be highly negative. The
negative beam in the distribution functions it is most
probably due to the particles that are reflected from mir-
ror forces.
IV. ENERGY PARTITION FOR DIFFERENT VALUE OF
THE GUIDE FIELD.
We now proceed to quantify the energy balance de-
scribed by the energy equation
∂t
[
E2 +B2
8pi
+ Σs
(
1
2
nsmsu
2
s +
1
2
Tr(P)s
)]
+∇ · Σs
[(
1
2
nsmsu
2
s +
1
2
Tr(Ps)
)
us
]
+∇ · Σs
[
Ps : us + c
E×B
4pi
+ qs
]
= 0 (6)
where the first three terms are respectively the mag-
netic, kinetic and internal energy for each species s. We
considered a pressure tensor Ps for each species with
Tr(Ps) = ΣiPii the trace of the pressure tensor. The
term S = c(E×B)/4pi is the Poynting flux, while qs
are the heat fluxes, whose contribution we neglect. We
analyze the stationary configuration so that ∂t = 0, av-
eraging the fields over a few ion gyro times. Following
Yamada et al. 5,6 we integrated Eq. 6 over squares cen-
tered at the x-point. In Fig. 9 we can see the contri-
bution for the energy fluxes and the Poynting flux S
for different guide field configuration (corresponding to
simulations G1 − G3 as indicated in the panels). Each
line quantifies the flux across the surface (perimeter in a
2D case) of a volume (area) [L × L], where the linear
size L, normalized to di, is indicated on the horizon-
tal axis. FWHs =
∫
V
∇ ·
[
1
2
Tr(Ps)us +Ps · us
]
d3x
is the internal energy flux for each species s, FWKs =∫
V
∇ ·
(
1
2
nsmsu
2
sus
)
d3x is kinetic energy flux, and
FWEM =
∫
V
∇ · S d3x. All the quantities are nor-
malized to the incoming Poynting flux at the upper and
lower boundary of the integration area. For the no guide
field case please refer to Yamada et al. 6 . Negative val-
ues mean the incoming flux is larger than the outgoing
energy flux. As expected the Poynting flux is negative,
which means the magnetic energy entering the boxes is
converted into other kinds of energies. In Fig. 9 we
can see for guide field configurations magnetic energy
is mainly converted into electron internal energy (pink
solid line) and ion internal energy (orange solid line).
For B0z = 1, at scales larger than 2di the partition be-
tween electron and ion internal energy is about the same,
while for B0z = 3 ion heating is about half of electron
heating. This is in qualitative agreement with zero guide
field case6. The fact that the sum over all the fluxes is not
exactly zero, see dashed line in Fig.9, is due to the fact
that we neglected the contribution from the heat fluxes
(similar to Yamada et al. 6). In addition, even though
the configuration is statistically stationary at late times
7FIG. 7. Distribution functions for simulation G3 in the ve||-v2⊥ plane at different locations, see Fig. 6, where boxes indicate
the areas where distribution functions are calculated. See text for further explanation.
FIG. 8. Distribution functions for simulation G3 in the v2⊥-v1⊥ plane at different locations, see Fig. 6 where boxes indicate
the areas where distribution functions are calculated.
(tωce > 300), there remain significant time dependent
fluctuations. The latter affects in particular the conver-
sion at very small scales (L < di) at which we can see
electron kinetic energy gain is comparable with ion inter-
nal energy for high guide field configurations. In partic-
ular the electron kinetic energy flux can be dominant at
small scales (L < di), e.g. for B0z = 2, depending on the
specific time interval over which we average.
V. ELECTRON HEATING FOR DIFFERENT GUIDE
FIELD CONFIGURATIONS.
As remarked by Yang et al. 30 the energy transfer E · J
accounts for both reversible and irreversible energy trans-
fer processes. We now study the electron heating for
different guide field configurations. We define the par-
allel electron temperature as Te|| = Pe : BB/ne and
the perpendicular electron temperature as Te⊥ = Pe :
(I − BB)/2ne, so that Ts of the species s is normalized
with mec
2. In Fig. 10, the top panels show parallel and
perpendicular electron temperature respectively, in the
mild guide field configuration, B0z = 1; the bottom pan-
els show similar 2D profiles for high guide field configu-
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FIG. 9. Stationary energy balance, Eq. 6, integrated over
squares centered at the x-point of linear size L/di, indicated
on the horizontal axis. The panels show different guide field
configuration (corresponding to simulations G1−G3 as indi-
cated in the panels). FWHe and FWHi are the electron and
ion internal energy fluxes respectively, FWKe and FWKi are
the electron and ion kinetic energy fluxes, FWEM is the con-
tribution from the Poynting flux S and Sum is the sum over
all contributions. All the quantities are normalized to the in-
coming Poynting flux S at the upper and lower boundary of
the integration area.
ration, B0z = 3. Depending on the intensity of the guide
field, electron heating may occur in the downstream re-
gion (low and moderate guide field case) or close to the
x-point, along the separatrices (high guide field case).
According to panel (a) and (b) we can see that, for low
guide field configurations, both parallel and perpendicu-
lar temperature rise in a wide downstream region, show-
ing the temperature to be approximately isotropic. Simi-
lar patterns can be identified for intermediate guide field
configuration B0z = 2. For B0z = 3 there is a strong
anisotropy, the heated area becomes narrower, closer to
the reconnection plane, with very high peaks of parallel
temperature. This can be explained by the magnetiza-
tion parameter, defined as K = min(√RB/ρe), where
RB is the curvature radius and ρe is the electron Larmor
radius; if K >> 1 particles are fully magnetized31. This
condition is not satisfied in the downstream region for
low guide field configuration: particles can scatter, mix-
ing their pitch angle, so the downstream region becomes
isotropic both for parallel as well as for perpendicular
temperature. Even if the relative difference between peak
parallel and perpendicular temperatures is ∼ 50%, and
the magnetization parameter is expected to be very high,
Fig. 10 (d) shows that perpendicular heating occurs close
to the separatrices region. When particles are magne-
tized the magnetic moment µ = mv2⊥/(2B) is most often
conserved. From a kinetic analysis Guo et al. 28 showed
that perpendicular electron heating is mainly due to the
non conservation of electron magnetic moment in the sep-
aratrix regions.
To further understand the behavior of electrons we stud-
ied several particles trajectories. Particle trajectories and
statistics have been extensively studied both in the an-
tiparallel reconnection (Egedal et al. 32 , Egedal et al. 33 ,
Zenitani and Nagai 34) as well as in the mild guide field
case (Pritchett 35 , Huang, Lu, and Wang 36 , Zenitani
et al. 27). In our case particle trajectories evolve self-
consistently within the plane where magnetic reconnec-
tion occurs. As mentioned in the previous section, Fig.
2 shows two typical electron orbits along magnetic field
lines, reaching the reconnection region and then moving
away from it along the high density separatrix. We de-
compose the velocity space in the direction parallel and
perpendicular to the magnetic field, defining the vectors
v|| = v · B/|B| and v⊥ = v − v||. In Fig. 11 we show
the velocities of the particles within the areas defined in
Fig. 6, as points in the v|| and v⊥ plane. Particles are
color coded according to the value of their magnetic mo-
ment difference (µ − µ0)/µmax, i.e. the difference from
the magnetic moment µ0 in the upstream region with
respect to one in the area we want to analyze µ, nor-
malized to the maximum magnetic moment µmax. From
this statistical analysis it appears that, for the particles
that populate a high perpendicular velocity area of the
distribution function, the magnetic moment is not con-
served, so the perpendicular heating is possibly due to
unmagnetized particles in this area. Additional expla-
nation to the observed high perpendicular temperature
are possible. In particular we would like to suggest a
possible fluid explanation. In Fig. 6 we can see pur-
ple arrows superimposed, corresponding to the electron
fluid velocity. The presence of ordered sheared electron
beams (inflow and outflow) in the high density separa-
trix region, corresponds to high perpendicular tempera-
ture. These sheared flows, not observed in the absence
of a guide field, may modify the components of the pres-
sure tensor, as suggested by Del Sarto and Pegoraro 37 ,
enhancing the non diagonal terms of the tensor itself.
Our conclusion is that the break of the magnetic mo-
ment conservation and the shear flows are respectively
kinetic and fluid explanation for the electron perpendic-
ular heating observed in the separatrices region. Wilder
et al. 8 , as discussed in the introduction, investigated a
symmetric magnetic reconnection event from MMS with
moderate guide field. They observed electron jets in con-
junction with a spatially and temporally persistent dis-
sipative parallel electric field. The parallel electric field
heats electrons that drift through it. In Fig. 12 for sim-
ulation G1, we show 1D cuts at x ∼ 0.4c/ωce of the 2D
reconnection plane of the (a) components of the electron
fluid velocities and (b) Electric field parallel and perpen-
9FIG. 10. 2D profiles of parallel and perpendicular temperature, normalized with mec
2, for simulation G1 (a-b) and G3 (c-d),
averaged on ∼ 6 electron gyro times.
FIG. 11. Real particle distributions in the phase space plane
defined by v|| and |v⊥|, for simulation G3, i.e. high guide
field configuration. Color coded the difference between the
magnetic moment µ at the location where the distribution is
calculated and the original location of the tracked particle,
normalized to the maximum magnetic moment µmax in the
labelled area.
FIG. 12. 1D cut at x ∼ 0.4c/ωce of the 2D profiles in PASMO
code of (a) electron fluid velocity components (b) parallel and
perpendicular electric field components for simulation G1.
dicular to magnetic field. Note that the time dependence
in reference Wilder et al. 8 is a proxy for position of the
moving spacecraft, so we can recognize the presence of
a similar counter-streaming electron velocity structure in
the correspondence of high parallel electric field. As the
latter is a signature of guide field component the coun-
terstreaming electron beams are a possible explanation
for the jets observed by MMS.
VI. CONCLUSIONS
In this work, we have studied the plasma energiza-
tion and energy partition in driven two-dimensional sym-
metric reconnection configurations for different guide
field intensities, with emphasis on electron acceleration
10
and heating at the reconnection point and in the close
downstream region. We were motivated by laboratory
measurements and recent magnetospheric observations,
which have shown different features for electron temper-
ature and dynamics from the anti-parallel case. We ana-
lyzed the contribution of parallel and perpendicular en-
ergy transfers, recovering the same trend and threshold
for the transition from the perpendicular dominated en-
ergy transfer (B0z < 0.8) to the parallel dominated one,
as found from MRX in agreement with observations by
MMS Fox et al. 15 , suggesting a threshold of B0z = 0.6
Since we were interested in the electron dynamics we
studied the energy transfer in the electron fluid frame
De, showing that electron acceleration at the X-point,
quantified by the energy deposition, does not continue
monotonically moving away, as De becomes negative in
the separatrix region. Indeed for a high guide field config-
uration the differential acceleration experienced by elec-
trons and ions along the magnetic field produces charge
separation close to the separatrices, as observed by Guo
et al. 28 , so that an electrostatic field is formed. We calcu-
lated the work done by the electric field on the electrons,
which is found out to be negative, in order for the plasma
to restore charge neutrality. We studied the energy par-
tition between internal and kinetic energies of different
species, quantifying the incoming and outgoing energy
fluxes in the reconnection region. We found the mag-
netic energy entering the boxes is converted into plasma
energy as expected, mainly into electron internal energy
and ion internal energy. Our result is in qualitative agree-
ment with zero guide field case6, while quantitatively in
the guide field configuration more energy goes to electron
internal energy with respect to ion energy.
Additional features in the high guide field case that are
not present in the zero/low guide field case configuration
are the well structured electron counter-streaming flows
(described in III C), which we suggest as a possible ex-
planation for the jets observed by MMS Wilder et al. 8
These structure are important as a possible mechanism to
explain the perpendicular heating observed in high guide
field configuration cases. While in the low guide field
case the magnetization parameter in the outflow region
is usually smaller than one, explaining electron thermal-
ization in the downflow region, in the high guide field
case we would expect the particles to be strongly magne-
tized. As shown by the analytical study of Del Sarto and
Pegoraro 37 shear flows may be responsible of changes in
the non diagonal terms of the pressure tensor, contribut-
ing to the observed perpendicular heating at or near the
separatrices. Further investigation of this process will be
addressed in a future work. We also confirmed through
a statistical study of self consistently evolved particles
that the magnetic moment is not conserved for most of
the particles populating the high perpendicular velocity
region of the distribution function, as first remarked in
Guo et al. 28 . We conclude that the last two mechanisms
can both be responsible for the perpendicular temper-
ature in the separatrix regions seen in high guide field
simulations, explaining the heating mechanism respec-
tively in the fluid and kinetic frameworks.
Driven stationary reconnection with an open bound-
ary domain appears to be at least qualitatively differ-
ent from spontaneous periodic setups. For example, in
Drake et al. 38 , a double current sheet with guide field
Bz/B0 = 1 is simulated. The electron density cavities
and temperature patterns resemble our B0z = 3 case.
The quadrupolar structure is also similar to our B0z = 3
case, suggesting that differences may be due to differ-
ent boundary conditions or parameters, such for exam-
ple vA/c, as well as other parameters, suggesting further
studies are necessary.
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